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Introduction
The potential nosocomial spread of pathogens including severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
through oral fluid aerosolization provides a significant risk to 
patients, dentists, and oral health care teams. During the SARS-
CoV-2 pandemic, extensive constraints have been placed on 
dentistry worldwide, with a particular focus on aerosol-generating 
procedures (AGPs) (World Health Organization 2020). These 
constraints affect widely upon dentistry delivery in practices/
offices and on multioccupancy teaching clinics. There is a pau-
city of robust data supporting some of these restrictions; it is 
essential to investigate the efficacy of mitigation strategies and 
the requirement for fallow time between patients.

Various methodologies for determining aerosolization in 
dental environments have been implemented, including air 
particle measurement (Din et al. 2020; Allison et al. 2021), bio-
logical air sampling (Bennett et al. 2000; Dutil et al. 2009), 
culture of settle plates (Timmerman et al. 2004; Rautemaa  
et al. 2006; Holloman et al. 2015), and detection of fluorescent 
markers (Allison et al. 2021; Holliday et al. 2021; Llandro  
et al. 2021). However, each has limitations. For instance, settle 
plates cannot account for the smallest particles that will not 
settle out of the air, air particle data cannot distinguish particles 
from the dental unit waterline and those of biological origin, 

and the use of fluorescent dyes cannot reveal viability of any 
biological component. Therefore, none of these methods alone 
can proffer robust findings regarding the dispersal of active 
SARS-CoV-2.

Here we report a novel viral model for bioaerosol enumera-
tion, using the bacteriophage Phi6 (Φ6) as a surrogate for 
SARS-CoV-2. Structurally, the Φ6 virus particle is similar to 
SARS-CoV-2: it is a double-stranded RNA virus of ~80 to 100 nm 
in size, composed of a lipid membrane envelope and spike pro-
teins (Adams 1959). Recent literature has suggested Φ6 is an 
appropriate surrogate for infectious enveloped viruses, such as 
coronavirus (Aquino de Carvalho et al. 2017; Prussin et al. 
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Abstract
Limiting infection transmission is central to the safety of all in dentistry, particularly during the current severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) pandemic. Aerosol-generating procedures (AGPs) are crucial to the practice of dentistry; it is 
imperative to understand the inherent risks of viral dispersion associated with AGPs and the efficacy of available mitigation strategies. 
In a dental surgery setting, crown preparation and root canal access procedures were performed with an air turbine or high-speed 
contra-angle handpiece (HSCAH), with mitigation via rubber dam or high-volume aspiration and a no-mitigation control. A phantom 
head was used with a 1.5-mL min−1 flow of artificial saliva infected with Φ6-bacteriophage (a surrogate virus for SARS-CoV-2) at ~108 
plaque-forming units mL−1, reflecting the upper limits of reported salivary SARS-CoV-2 levels. Bioaerosol dispersal was measured using 
agar settle plates lawned with the Φ6-bacteriophage host, Pseudomonas syringae. Viral air concentrations were assessed using MicroBio 
MB2 air sampling and particle quantities using Kanomax 3889 GEOα counters. Compared to an air turbine, the HSCAH reduced settled 
bioaerosols by 99.72%, 100.00%, and 100.00% for no mitigation, aspiration, and rubber dam, respectively. Bacteriophage concentrations 
in the air were reduced by 99.98%, 100.00%, and 100.00% with the same mitigations. Use of the HSCAH with high-volume aspiration 
resulted in no detectable bacteriophage, both on nonsplatter settle plates and in air samples taken 6 to 10 min postprocedure. To our 
knowledge, this study is the first to report the aerosolization in a dental clinic of active virus as a marker for risk determination. While 
this model represents a worst-case scenario for possible SARS-CoV-2 dispersal, these data showed that the use of HSCAHs can vastly 
reduce the risk of viral aerosolization and therefore remove the need for clinic fallow time. Furthermore, our findings indicate that the 
use of particle analysis alone cannot provide sufficient insight to understand bioaerosol infection risk.
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2018; Buhr et al. 2020; Dubuis et al. 2020; Fedorenko et al. 
2020). Comparing different bacteriophages for viral aerosol-
ization models, Φ6 was shown to behave comparably in nebu-
lization experiments to influenza, another enveloped virus 
(Turgeon et al. 2014). Subsequently, Φ6 behaved similarly to 
influenza virus in an investigation of viral recovery from hands 
(Casanova and Weaver 2015), and expected behavior of Φ6 as 
a SARS-CoV-2 surrogate was reported when assessing viral 
survival in surface droplets (Fedorenko et al. 2020). Therefore, 
Φ6 can be used in conjunction with its host bacterium, 
Pseudomonas syringae, to provide a valuable viral detection 
system. To our knowledge, this is the first study modeling, in 
the dental clinic, the aerosolization of a bacteriophage as an 
active biological marker and SARS-CoV-2 surrogate.

The aim of this study was to use a multifaceted approach to 
measure aerosol dispersal in a dental surgery to determine the 
potential infection risk to the dental team from bioaerosol 
exposure during routine dental procedures, optimal mitigation 
strategies, and the necessity of fallow time.

Method

Microorganism Strains and Culture Conditions

P. syringae (DSM 21482) and bacteriophage Φ6 (DSM 21518) 
were acquired from the German Collection of Microorganisms 
and Cell Cultures (Leibniz Institute). P. syringae was cultured 
on Tryptic Soy Agar (TSA; Sigma) in 5% CO2 for 48 h at 25°C 
(Forma Scientific) or in Tryptic Soy Broth (TSB; Oxoid) for 18 h 
at 25°C, 150 rpm.

Bacteriophage Φ6 was propagated as previously reported, 
with modifications (see Appendix; Pinheiro et al. 2019; 
Whitworth et al. 2020).

Experimental Model Design

Experiments were conducted at the Leeds Dental Institute, in a 
clinical surgery with a design airflow of 9 air changes per hour 
(ACH), measured by balometer (PH731 Capture hood; TSI 
AirFlow Instruments) at 8.3 ACH by the investigators. A dental 
phantom head (Nissin Dental Products), adapted to fit a dental 
chair, acted as a surrogate patient, and tooth preparations were 
performed on hard thermosetting plastic teeth (Frasaco) in the 
upper left 2 (UL2) and upper left 6 (UL6) positions. A continu-
ous flow of artificial saliva (see Appendix), containing Φ6 bac-
teriophage (~108 plaque-forming units, pfu mL−1), was 
introduced from 3 anatomical positions, 2× parotid, 1× sublin-
gual (Fig. 1B). These positions were used for endodontic 
access procedures on the upper first molar tooth. For the ante-
rior crown preparation, the saliva port from the upper left first 
molar was moved to over the apex of the upper left lateral inci-
sor. Total salivary flow was 1.5 mL min−1, split equally across 
the 3 positions. Prior to commencing the procedures, the sur-
faces of the oral cavity were coated with artificial saliva con-
taining bacteriophage.

Aerosol-Generating Procedures

The AGPs investigated were root canal access of the upper left 
first molar and a full crown preparation on the upper left lateral 

Figure 1. Experimental setup in the Leeds Dental Institute surgery. (A) Schematic of experimental setup (top, above; bottom, side view). (B) Top: 
photographic overview of surgical clinic layout. Bottom: closeup of the phantom head with saliva tubing inputs and oral cavity configuration.
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incisor, with an assistant providing high-volume aspiration 
where necessary. A KaVo EXPERTtorque LUX E680L air tur-
bine handpiece (KaVo Dental GmbH) with an approximate 
cutting speed of 200,000 rpm (water flow rate 22 mL min−1, air 
pressure 36 psi) or a NSK S-Max M95L electric, high-speed 
contra-angle handpiece (HSCAH; Nakanishi) at 60,000 rpm 
(water flow rate 60 mL min−1) were used with the relevant dia-
mond bur (Hidi-Once Diamond Bur Med; Dentsply). The NSK 
handpiece was used with the absence of “chip air” to reduce 
water atomization, as recommended in clinical guidelines 
(Sergis et al. 2020; Scottish Dental Clinical Effectiveness 
Program 2021). Mitigation strategies assessed included high-
volume aspiration (with saliva ejection), rubber dam and aspi-
ration, and an Aspi Jet 25 aerosol extraction device with a 
flute-shaped end piece (Cattani Air Technology), used as per 
the manufacturer’s instructions, in the 6-o’clock position. Each 
procedure was performed at least 3 times and comprised a 
10-min settle period after setup, 20-min AGP, followed by 
20-min fallow time. The AGP consisted of 4 min of active 
handpiece, followed by 1 min of rest, repeated 4 times for a 
total AGP time of 20 min. Settle plates were exposed during 
the 10-min pre-AGP settle period to determine bioaerosol car-
ryover from the previous experiment. Fresh personal protec-
tive equipment (PPE) was donned for each procedure to 
prevent cross-contamination between experiments, and only 
the dentist and investigator (also acting as dental nurse) were 
present during AGPs. Postprocedure, a third investigator 
(wearing PPE) sealed settle plates as a final anti–cross- 
contamination measure.

Bacteriophage Dispersal Detection

Passive and active sampling were undertaken to monitor the 
spread of bioaerosol. Settle plates and air sampling plates con-
taining P. syringae were used to detect aerosol and droplets in 
the environment. Triplicate settle plates (lawns of P. syringae 
[OD600 0.6] on TSA containing 50 mg L−1 cycloheximide; 
Fisher Scientific) were positioned in the dental surgery, at 
breathing zone, at bench height, or on the floor (Fig. 1A). In 3 
locations, settle plates were exposed during AGP and post-
AGP fallow period. Twenty settle plates arranged across the 
surgery, proximal to the oral cavity (Fig. 1), were used to  
collect bioaerosol and measure the distance traveled by splatter 
(particles >50 µm) (Harrel et al. 1998) and aerosolized 
droplets.

Furthermore, P. syringae–lawned settle plates were used 
with 2 MicroBio MB2 air sampling devices (Cantium 
Scientific), set 30 cm either side of the oral cavity (Fig. 1), to 
sample 400 L of air during each of the four 4-min periods of 
handpiece use. Two delayed air samples of 400 L were taken 
after 6 min of fallow period. Air sample counts were adjusted 
by a positive-hole correction factor (Macher 1989).

Procedures were performed in series, enabling mitigation 
strategies to be compared with each other and a no-mitigation 
baseline.

Air Particle Enumeration and Size Determination

Two Kanomax 3889 GEOα particle counters, one positioned 
directly behind the dentist and another between the dental chair 
and the door (Fig. 1), monitored the size and quantity of parti-
cles in 6 size ranges simultaneously (diameters 0.3 μm, 0.5 µm, 
1.0 μm, 3.0 µm, 5.0 μm, and 10 μm) in aerosols generated 
before, during, and post-AGP. Counters were situated at a 
height of 150 cm, corresponding to the average adult breathing 
zone. Measurements (particles/m3) were recorded in 1-min repeat-
ing periods and presented as baseline-standardized readings.

Statistical Analyses

Statistical analyses were performed using IBM SPSS Statistics 
26. Direct comparisons of air turbine and HSCAH and proce-
dure location were performed using the Mann–Whitney U test. 
For bacteriophage data, the significance cutoff of Bonferroni 
corrections was P = 0.017 for multiple comparisons and P = 
0.008 for particle data.

Results

Bioaerosol Dispersal during AGPs  
with Varying Mitigation Strategies

Bioaerosol was detected at all sampling points with an air tur-
bine and no-mitigation control (Fig. 2). Each mitigation 
reduced levels of bioaerosol recovered from settle plates and 
air samples (Table 1), with minimal improvement on high- 
volume aspiration with the Aspi Jet 25. The use of a rubber 
dam greatly reduced aerosolized bacteriophage and splatter. 
Across all mitigations for anterior crown preparations, the 
HSCAH generated significantly less bioaerosol than the air 
turbine (P < 0.001). For high-volume aspiration procedures, 
the HSCAH reduced 100.00% of settled aerosol (P = 0.037) 
and 99.98% of bioaerosol recovered in air samples (P = 0.046) 
compared with the air turbine. For no-mitigation controls and 
rubber dam, settled bioaerosol counts were reduced with the 
HSCAH by 99.72% and 100.00%, respectively. Bacteriophage 
detection through air sampling was reduced by 99.49% and 
100.00%, respectively, for the same mitigations (P < 0.001).

Procedures employing the air turbine with high-volume 
aspiration generated bacteriophage levels of 21 pfu and 11.25 
pfu/m3 for post-AGP settled bioaerosols and microbiological 
air samples, respectively (Table 1). Use of a HSCAH reduced 
both to zero (P = 0.037 and P = 0.037, respectively). The use 
of rubber dam for either handpiece also resulted in undetect-
able bioaerosol for the postprocedure, fallow period.

Assessment of Handpiece and Mitigation 
Strategies through Air Particle Analysis

Particle counts of all size ranges recorded in anterior proce-
dures were reduced with the HSCAH versus air turbine, except 
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for 0.3-µm particles under rubber dam (Fig. 3, Appendix Table 
1). Significant differences were observed comparing hand-
pieces with no mitigation for several particle size ranges: P = 
0.017, P = 0.005, P = 0.001, P = 0.008, P = 0.021, and P = 
0.059 for 0.3 µm, 0.5 µm, 1.0 µm, 3.0 µm, 5.0 µm, and 10.0 
µm, respectively.

The time taken, post-AGP, for particle levels to return to 
preprocedure baseline levels was variable, with 22.2% of pro-
cedures not reaching baseline within 25 min. There were no 
discernible differences between air turbine and HSCAHs for 
the time to return to baseline for 0.3-µm and 0.5-µm particles, 
16.3 versus 18.2 and 15.7 versus 17.2 min, respectively. 
Differences were greater for 1.0-µm, 3.0-µm, 5.0-µm, and 
10.0-µm particles, with average times to reach baseline of 16.7 

versus 7.4, 14.1 versus 4.3, 12.6 versus 3.9, and 
12.8 versus 4.5 min, respectively.

Bioaerosol Generation in Anterior 
versus Posterior Tooth Positions

Settled and air bioaerosol measurements demon-
strated decreases of >92% bacteriophage counts 
when comparing UL6 versus UL2 positions, with 
aspiration reducing settle by 99.6% and air sample 
readings by 100.0% (Table 2). Particle detection 
was also greatly reduced in posterior endodontic 
experiments versus anterior procedures for all par-
ticle sizes and sampling positions (Appendix 
Tables 2 and 3).

Discussion
To model bioaerosol spread during worse-case sce-
nario AGPs, we performed experiments with a sali-
vary bacteriophage concentration (~108 pfu mL-1) 
close to maximum reported levels of SARS-CoV-2 
in human saliva (To et al. 2020; Wyllie et al. 2020). 
Different mitigation strategies using both air tur-
bine and HSCAHs were deployed for each dental 
procedure. There was a clear distinction between 
the amount of aerosolized saliva dispersed around 
the dental surgery using the air turbine and HSCAH. 
Bioaerosol levels were clearly diminished when 
using the HSCAH compared with the air turbine. 
No bacteriophage was detected on the pre-AGP 
settle plates for any of the experiments, indicating 
no cross-contamination between experiments.

Air sampling quantified active viral particles in 
the air, potentially too small to settle onto clinic 
surfaces (King et al. 2013). With high-volume 
aspiration, the differences comparing air turbine 
and HSCAH AGPs were large, 637.4 versus  
0.1 pfu/m3, respectively. The latter represented a 
solitary pfu detected in 1 experimental replicate. 
For all mitigations, settle plates closest to the mouth 
indicated the highest quantities of bacteriophage 

(Fig. 2), indicative of splatter rather than bioaerosol and consid-
ered a lower transmission risk. Our data were collected in an 
environment with mechanical ventilation, which is not avail-
able in many practices worldwide, and aerosol accumulation is 
greater in practices with poor ventilation (Ren et al. 2021).

These differences are clearly supported by the particle data, 
which indicated lower levels of all particle sizes for most miti-
gations (Fig. 3). By recording particle measurements from 2 
locations, we saw that aerosols were not localized and dis-
played similar but slightly delayed trends toward the extremi-
ties of the clinic, further highlighting the necessity for good 
mitigation protocols.

Other studies have suggested the use of a rubber dam sig-
nificantly reduces microbial aerosolization (Cochran et al. 

Figure 2. Bacteriophage dispersal heat maps by handpiece and mitigation strategy. 
Data from anterior crown preparation procedures. (A, B) No mitigation, (C, D) high-
volume aspiration, (E, F) rubber dam, and (G) Aspi Jet 25.



Dental Mitigation Strategies to Reduce Aerosolization of SARS-CoV-2 1465

1989; Samaranayake et al. 1989). However, these studies 
reported bacterial air contamination rates, and it is important 
that we have documented the aerosolization of viruses. In addi-
tion to rubber dam use, preprocedural rinsing would likely 
reduce risk further. Although limited by a small sample size, 
Meethil et al. (2021) determined a moderately low risk of 
SARS-CoV-2 transmission during AGPs, with a 1% hydrogen 
peroxide rinse substantially limiting salivary microbiota trans-
fer to the environment. The Aspi Jet 25, a specialist aerosol 
extraction device, was only marginally better than high- 
volume aspiration alone.

To improve the accuracy of the phantom head over previ-
ously published models (Allison et al. 2021; Holliday et al. 
2021; Shahdad et al. 2021), we added an anatomical tongue 
model and a high-level physiological salivary flow of  
1.5 mL min−1, spread across 3 positions. While an improve-
ment, our model has limitations. It uses artificial teeth, which 
lack the anatomical intricacies of human teeth. However, pre-
vious particle analyses revealed little difference between plas-
tic and real teeth (Shahdad et al. 2021). Our model does not 
imitate the effects of a patient breathing or other patient behav-
iors, such as talking or coughing, that would likely contribute 
to bioaerosol production. Nonetheless, by demonstrating 
reductions in active biological marker dispersal, we can make 
robust indications as to the value of dental mitigation 
approaches. The salivary bacteriophage levels used reflect 
those of symptomatic SARS-CoV-2 cases, which are unlikely 
to be encountered in a dental clinic that employs efficient tri-
age protocols to exclude symptomatic patients. An inoculum 
based on lower levels of SARS-CoV-2 carriage in asymptom-
atic patients would be appropriate to assess true dispersal rates 
in a clinic; however, we focused on determining the efficacy of 
mitigation strategies for risk reduction, rather than establishing 
absolute viral spread, and employed conditions that were rep-
resentative of a worse-case scenario.

Acknowledging the potential for operator-induced effects, 
our procedures were performed by a single operator to main-
tain consistency of findings between variables. As every clinic/
surgery varies in airflow design, dispersal levels may not be 
directly translatable, particularly to environments lacking mechan-
ical ventilation. However, our data indicating the efficacy of 

aerosol reduction with rubber dam and the HSCAH remain 
pertinent. Since the ACH measured in the experimental setting 
was below the recommended figure, we present a worse-case 
scenario. As the fallow data suggest minimal/no bacteriophage 
detection in postprocedural air samples with the HSCAH, this 
finding may be applicable to surgical settings above the recom-
mended ACH value with some confidence.

The requirement for, and length of, a period of fallow time 
is unclear, with estimates ranging from 2 to 180 min (Robertson 
et al. 2020; Ehtezazi et al. 2021; Shahdad et al. 2021). However, 
this is often based on particle data alone. We determined a wide 

Table 1. Mean Φ6 Bacteriophage Plaque-Forming Units (pfu) Collected with Upper Left Lateral Incisor Procedures on Settle and Air Sampling Agar 
Plates.a

Total pfu (Unless Stated, i.e., Air Samples)

 Air Turbine High-Speed Contra-Angle

Characteristic
No Mitigation  

(n = 8)

High-Volume 
Aspiration  

(n = 3)
Dam  

(n = 3)

Aerosol 
Extraction Device 

(n = 3)
No Mitigation  

(n = 7)
High-Volume 

Aspiration (n = 3)
Dam  

(n = 3)

Splatter zone 1,152.75 (345.50) 1,455.00 (190.05) 106.67 (35.53) 1,255.33 (245.19) 54.43 (20.59) 64.33 (61.84) 5.33 (3.53)
Settled aerosol 207.00 (98.22) 90.33 (26.09) 0.33 (0.33) 86.33 (22.64) 0.57 (0.57) 0.00 (0.00) 0.00 (0.00)
Average air (pfu/m3) 940.98 (56.29) 637.40 (142.79) 1.35 (0.27) 380.10 (68.74) 4.82 (1.29) 0.10 (0.04) 0.00 (0.00)
Fallow settle 24.75 (16.72) 21.00 (18.01) 0.00 (0.00) 2.00 (0.58) 0.57 (0.57) 0.00 (0.00) 0.00 (0.00)
Average fallow air (pfu/m3) 29.38 (2.80) 11.25 (0.29) 0.00 (0.00) 2.92 (0.17) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)

aData (SEM in parentheses) are delineated by handpiece and mitigation strategy. Splatter zone radius defined within 41 cm radius of mouth.

Figure 3. Particle sizing and count data delineated by handpiece and 
mitigation. Top: mean particles/m3 by size, produced during aerosol-
generating procedures with air turbine and high-speed contra-angle 
hand-pieces (HSCAH) and various mitigation strategies. Data is 
standardized by the baseline control. Bottom: percentage differences in 
particles/m3 produced during a series of procedures versus air turbine 
and no mitigation. Data from the behind dentist location and the 
anterior position.
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variation in the time for particles of all sizes to return to pre-
AGP levels, although larger particles required less time with 
the HSCAH. Shahdad et al. (2021) reported similar variability 
and suggested that fallow time estimates were longer for pro-
cedures where the handpiece was used in 5-min bursts, compa-
rable to our protocol. A recent study indicated that <0.1% of 
aerosolized fluorescein dye was detectable after 30 min of fal-
low time (Allison et al. 2021). While such spectrofluorometric 
analysis can provide valuable information, it does not inform 
about the viability of the particles transferred. The bacterio-
phage data presented here demonstrated that with air turbine 
and high-volume aspiration, substantial amounts of both settle 
and aerosolized bacteriophage were detectable between the 6- 
and 10-min fallow period (Table 1). However, use of the 
HSCAH eliminated any bioaerosol within 6 min of procedure 
completion. This evidence strongly suggests there is no need 
for a prolonged fallow period with this handpiece. Where a 
HSCAH is not available, a rubber dam was equally effective in 
reducing air contamination shortly after conclusion of an AGP. 
Assessing the particle and bacteriophage fallow data together, 
it becomes clear that particle data alone cannot provide suffi-
cient information to determine risk of airborne viral particles. 
Here we saw instances of baseline particle levels not reached 
post-AGP but no detectable active bacteriophage in the air.

We assessed the differences between anterior and posterior 
AGP positions. Both the bacteriophage and particle data high-
lighted the importance of procedural position on risk. When 
using an air turbine and high-volume aspiration, no airborne 
bacteriophage particles were detected during the posterior pro-
cedures, with a >84% reduction in all particle sizes observed 
from behind the dentist. Together, these data support the inter-
pretation that endodontic procedures in the posterior of the 
mouth impart a lower risk of viral contamination and dispersal 
into the environment, with bioaerosols most likely trapped 
inside the oral cavity. Conversely, dental procedures in the 
anterior region pose the greatest risk.

Here, we report the first major study using bacteriophage 
aerosolization in a dental clinic, employing a model that mim-
ics real dental procedures and timings and a bacteriophage sur-
rogate that reflects the behavior of enveloped viruses (Turgeon 
et al. 2014; Casanova and Weaver 2015). Others have used 

human coronavirus to assess the value of H2O2 sprays for the 
decontamination of aerosols and to stress the importance of 
PPE (Ionescu et al. 2020, 2021). There is clear value to aero-
solization studies in the use of a human coronavirus to more 
closely mimic the behavior of SARS-CoV-2, but these cannot 
be deployed safely in a real dental setting; hence, the studies of 
Ionescu et al. were completed in a closed-cabinet setting with 
a shorter period of handpiece time.

Through the combined use of novel and established meth-
odologies, the data described here present a clear picture of 
how risk of SARS-CoV-2 and similar biological hazards can be 
greatly attenuated using HSCAHs. While detection of a single 
viral unit may not translate to an infective viral load, the reduc-
tion in levels with these mitigating approaches is clear. This 
study further suggests that with these handpieces and high-
volume aspiration or the use of rubber dam, a prolonged fallow 
period is not necessary in the clinical setting used. Equipping 
our dental surgeries with these tools will be crucial to protect-
ing the health, safety, and future of dental teams and services. 
Finally, the data presented here suggest that particle count data 
alone cannot provide accurate information regarding the dis-
persal and settlement of bioaerosols, with bacteriophage mark-
ers offering a greater insight into infection risk.

Author Contributions

J.J. Vernon, contributed to design, data acquisition, analysis, and 
interpretation, drafted and critically revised the manuscript; E.V.I. 
Black, contributed to design and data acquisition, critically revised 
the manuscript; T. Dennis, contributed to data acquisition, criti-
cally revised the manuscript; D.A. Devine, L. Fletcher, contributed 
to conception, design, data analysis, and interpretation, critically 
revised the manuscript; D.J. Wood, B.R. Nattress, contributed to 
conception, design, data acquisition, analysis, and interpretation, 
critically revised the manuscript. All authors gave final approval 
and agree to be accountable for all aspects of the work.

Acknowledgments

We thank the Leeds Dental Institute for accommodating the 
requirements for clinical space to perform these experiments,  
Dr. Jing Kang for advice on statistical analyses, and Tim Zoltie for 
photography.

Table 2. Mean Φ6 Bacteriophage Plaque-Forming Units (pfu) Collected during Procedures at the UL6 Position Compared with the UL2 Position.a

No Mitigation (n = 4) High-Volume Aspiration (n = 3) Dam (n = 3)

Characteristic

UL6 Total  
pfu (Unless 

Stated)

Percentage 
Difference  

to UL2
UL6 vs. UL2  

(P Value)

UL6 Total  
pfu (Unless 

Stated)

Percentage 
Difference  

to UL2
UL6 vs. UL2  

(P Value)

UL6 Total  
pfu (Unless 

Stated)

Percentage 
Difference  

to UL2
UL6 vs. UL2  

(P Value)

Splatter zone 68.00 (51.88) –94.1 0.01 37.67 (31.39) –97.4 0.10 253.67 (215.38) 137.8 1.00
Settled aerosol 2.75 (1.11) –98.7 0.01 0.33 (0.33) –99.6 0.10 0.00 (0.00) –100.0 0.70
Air (pfu/m3) 1.25 (0.51) –99.7 0.01 0.00 (0.00) –100.0 0.10 0.04 (0.04) –92.3 0.40
Fallow settle 0.00 (0.00) –100.0 0.02 0.00 (0.00) –100.0 0.10 0.00 (0.00) 0* 1.00
Fallow air (pfu/m3) 0.13 (0.13) –98.9 0.01 0.00 (0.00) –100.0 0.10 0.00 (0.00) 0* 1.00

aData (SEM in parentheses) are delineated by mitigation strategy. Splatter zone radius defined within 41 cm radius of mouth. P value based on 
Mann–Whitney U test.
*Both pfu counts were zero.
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